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Morphology of soot collected in microgravity droplet flames 

Abstract 

Measurements o f  the primary particle size. radius of gyration. fractal dimension. and the mass fractal prefactor were 
measured for soot sampled in n-heptane droplet flames under microgravit? conditions. These represent the first such 
measurements obtained for sphericall! symmetric droplet flames. Experiments were performed in the KASA-Glenn 
Research Center in Cleveland. OH. Soot was samplsd at 0 2 and 0.5 s after ignition for a 2.1 mm droplet burning i n  
atmospheric pressure air. The measured primary parricle sizes were significantly larger under microgravity conditions 
compared to normal gravity and were found IO increase with  residence time. The average radius o f  gyrations were also 
larger for soot collected i n  microgravit! conditions. DitTerences in the particle and agglomerate dimensions are bslieved 
to be caused by the longer residence times. The fractal dimensions were found to be nearly constant for all experiments 
while the prefactor term was found to increase slightly with residence time. 0 2001 Elsevier Science Ltd. All rights 
reserved. 
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1. Introduction 

Soot is a common by-product resulting from coni- 
bustion of fossil fuels. Release o f  soot into the arnio- 
sphere contributes to environmental and health hazards 
including the de_eradation o f  atmospheric bisibilit). 
ground-water contamination. and premature deaths due 
to ingestion. Sooting can also decrease the efficient! of 
enerp conversion systems since carbonaceous particu- 
lates represent incomplere combustion and can cause 
hardware fouling. The importance o f  these topics has 
fueled numerous fundamental investigations of soot 
processes under normal-gravit! conditions [1-5]. Hou- 
ever. buoyancy-induced flows in normal-gravity flames 
produce short residence times to resolbe so01 formation. 
erouth. agslomeration. and oxidation processes. Recent 
experiments using microgravit? environments have 
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produced longer residence times (bq as much as three 
times for laminar gas-jet diiTusion flames) and expanded 
the soot containing region to allow for accurate resolu- 
tion o f  the soot evolution processes and for reliable soot 
diagnostics [&-9]. 

Sooting in microgravity environments present unique 
opportunities to investigate important mechanisms that 
are normally obscured under normal-gravity conditions. 
For example. the absence o f  convective Rous in nii- 
crogravity enables radiation as an important mode o f  
heat transfer. Since radiation from carbonaceous par- 
ticulates i s  much greater than from non-luminous radi- 
ation (attributed to gas species). the importance o f  
sootin: is  further amplified in reduced-gravit) [IO]. 
Under microgravity conditions. sootin: e k t s  that were 
deemed negligihle. baqed oii normal-gravity observa- 
tions. were observed to be enhanced [ I  I ] .  For example. 
rhe msJsureiiients of soot concentrations for micro- 
gravity droplet f lanio wcrc an order o f  mapirude larger 
than the counterpart normal-grevity flames [ I ? ]  The 
high soot concentrxtioiis uere responsible for a greater 
degree o f  radiative heat losses and contributed to rhe 
reduction in the droplet burning ratr [ I  3.141. In\est ip-  
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tion of sphericall~-s?nimctric acetylenelair dilfusion 
Ilitmc, ,upported on a porous sphere burner indicated 
that sooting can promole the onset of  flame extinction 
[ 151. However. dsspite the iniportance of the niorpho- 
logical properties of soot in the interpretation ofthc soot 
processcs. there has been a lack ol mwwrements in 
jphericall~synimctric dinusion flames. 

Characteriz.icioi1 o i  soot morphological prcqwties 
including the priniciry particle size. d,,. radius of gyrci- 
lion. R,. f r x t a l  diiiicnsion. Dr. and mass fr.icc:il pre- 
Pactor term. !it are miportant for the analysis of soot 
processes including primary particle grou.th. wot ag- 
glomeration and oxidation processes. Morphological 
measurcments are also required for accurate formula- 
tion o i  opticril properties (including the absorption. 
en1issioil and >cartering constants [16]) ior tl.ime rndi- 
atire emission calculations and in the intrrpretiition of 
soot optical diapnoafics measurements [ 171. 

K u  et al. [:I and Konsur et al. [SI Lrcre [lis first IO 

thermophoreticall! sample soot in microgravity laminar 
gas j e t  dilfusion flames. The soot sanipled from ethylene 
and propane flames was analyzed using triinsmission 
electron microscopy (TEM) for primary particle size and 
agglomsrate dimensions. The arerage primar). particle 
diameter was found to be a factor of t w o  larger under 
micrograbity ccrnditions compared to norm.il-gravity 
mr'asurements. The longer residence time in micro- 
grosity enhanced the soot iormation and gro\rth pro- 
cesses [TI. Urban et al. [9] also recently sampled soot 
from microgra\ity laminar jet ditfusion flames in ex- 
periments aboard the space shuttle. Similar trends of 
larger soot primary sizes for microgravity flames were 
observed. 

.Although rhs iiiicrogravity findings [7-9] provided 
important and useful information rcyrding the mor- 
phology or soot collected in laminar dilTusion flames in 
microgravity. their results are not directly transferable 
for analysis o i  soot properties o f  microgravity droplet 
combustion. There are significant dilTercnces in rhc res- 
idence times between the ~ H O  cases. I n  microgravity 
droplct combustion. the vaporized fuel is dinused to- 
nard the l laiue front while undergoing pyrolksis reac- 
tions to form precursors that evolve into carbonaceous 
soot. Once formed near the high-tempsrature region. the 

soot i s  acted upon by thermophoresis and transported 
touards the droplet. Opposing this mode of particle 
transport i s  the viscous drag caused by the Stefan flux 
(due to the vaporizing fuel droplet). The soot aggloni- 
eratec ultimately reside a t  a radial position where these 
tu0 iorces are in balance. namely the sootshell location. 
which occurs at  a non-dimensional radius ( r J r d )  of 
Jpprwiiiiatel? 3 Sootshells are typically observed to 
i o m  within 0 I s aiter ignition and linger throughout 
ths burning lifetime. Thus. the residence time scales 
approximately as  the square of the initial droplet di- 
ameter sinir the burning tinir (ib = 4 i i K )  is propor- 
tional to the squ'ire of the initial droplet diameter. For a 
droplet of  2 mm diameter, the residence time is -6-8 s 
deFnding on the burning rate. In contrast. the residence 
rims ior .t typical microgrrivity hminar p.il-Jet diffusion 
flame i s  approximately I00 ms [9]. Sphericallq sbmnietric 
flames produced under microgravit) also provide a un- 
ique geometrical configuration in which to study sooting 
processes since the transport inechantrms o i  thermo- 
phoresis. diffuston. and viscous drag can be formulated 
u i ng  a one-dimen$ional model. The motibation for the 
prfisnt study is to sample soot within the sootshell of a 
rr-heptane Haiiie under microgravity conditions to tn- 
w>tifats the intluence of residence time on soot mor- 
phology. Morphological measurements including dp. R,. 
D, .  and k,  for soot collected in nitcrogravity droplet 
Hams are compared to normal-gravity results. 

2. Experimental apparatus and procedures 

The microeravtly experiments uere performed in the 
S.GA\-Glenn Research Center 2 .2  s droptower in 
Ck~elmd. OH (see Fig. I1 Microgravity conditions are 
prduced for 2.3 s by releasing the experimental rig into 
ire-till  within the eight story structure. The impact of 
the e\periment at the bottom of the tower is reduced by 
w n y  ;I large airbag s)stem The experimental rig i s  de- 
si.r;:ed to investigate the influences o i  sootin: on droplet 
combustion 114). Fig. Z i s  a schematic of the sxper- 
im:ntal rip including the I 2  liter stainless steel com- 
bustion chamber. The combustion chamber contains the 
fucl deliverq system. droplet generator. and the ignition 
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Fig. I Schematic of :he N.4S4 Gknn  2.2 s droptovrr facilii, 

asumhl>. The fuel droplets are generated using two 
opposed hypodermic needles of 0.15 mm diatiietcr that 
are separated by 0.5 mi11 prior to the initiation oi the 

Fig 2 Schcmdtic of iiixrop\il! dl-oplsi combustion r x v ~  
irnriiial apparatus 

experiment. Fuel IS pumwd through tlie nccdles b? 
solenoid-activated syringes attached to each neeJlc. 
Each hypodermic needle is attached to a sepzirate 
rotating galvanometric de\ ice. The sxiting fuucl iornlz a 
liquid bridge atid the rapid rotation of the needles in 
opposite dircction depohit, the droplet onto a I j pni SIC 
fiber. Thc fiber is used t o  fix the location of the droplet 
and prevent the droplet froin moving out of' the f i e l d  of 
viea. Approximatel) 0 7 s aftcr deployment of thc 
droplet. the fuel dropie! 1s ignited by two hot wire ig- 
niters placed s> mmetricall! ahout  the dropler. 

Soot agglomerates nirhin the flzime u'ere aemplcd 
employing a thcrmophorL.tic deposition mcthod. T h e  
srmplin: asscnibl) consisted of a sinele-axis linear 
stepper motor IVorthern Magnetics. model nurnher 
OMi0'-2i tvhich uai controlled using an IMS nioaon 
controller (mode! number IM1F312). Thc linear srepper 
motor was programmed prior to  each eqxriiiient foi 
motor acce1eratic.m. \diut! and sampling dur.ition t~ 

r.iiotmire the disturbance t o  tlic d 
sigiicd t o  accomrnodntc coppei 7- 
dianictcr. 300 mesh uirh a c'irhon suhrtrate. Ted Pcll,i. 
parr number OlP!O) i t . i> a t t i l c h d  10 the I i n u r  iiiwor. 



Tht entire sampling procedure was imaged using a laser 
bock-lit view (nonilally used for soot light eytiiiction 
iiiea>iireiiient\) in tandem with a high speed camera 
opr:itcd :it 100 franics per second (which uas illumi- 
nated using an incandescent backlight). For the laser 
hack-lit \iew. light from 3 635 nm diode laser attached 
to ;I mple  tiber optic cable was expanded to a diameter 
o f  31 nim. The k a m  wis collimated and directed 
through the top optical port o f  the combustion chamber. 
focused tising a 2 0 0  mm fwa l  length plano-convex lens 
and retlected using a second mirror positioned a t  45”. 
The :etlected &am was then imaged through a spatial 
tilter IG J high rcsolution CCD camera and recorded on 
:I Betacam recorder through a fiber optic coupler. 

Soot sampling was performed at 0.3 and 0.5 s after 
ignition ior two separate microgravity espriments. to 
determine the influence o f  residence time on the soot 
morphology. Fig 3 shows a schematic of the soot 
sampling apparatus and the microgravity droplet Hame. 
The sampling probe insertion time through the flame 
was measured to be approximately 0. I 5 (the rstraction 
time uas the same). The sampling probe dwell time 
within the sootshell was approximately 0.2 s. 

Soot agglomerates were imaged using a JEOL T E M  
oprated at 50 K for the normal-gravity soot and at 16 
and 50 K for the microgravity soot. Fig. 1 displays im- 
ages o f  soot agglomerates obtained from the normal- 
graxit? Rams and for the microgravity tlanie at 0.5 s 
aftsr ignition. The micrographs obtained irom the T E M  
anal)sis were placed on a light table and imaged usins a 
high-resolution CCD camera n i t h  a 15-108 mi i i  lens. 
The i m ~ g s  sere then digitized using a 480 x 512. 8 bit 
grayhe1 resolution Data Translation DT-285 I frame 
grabber bvard and a DT-2858 co-processor. The at- 
tached 18- IO8 zoom lens allowed further magnification 
o f  the image required for primary particle diameter 
measurements. Spatial calibration was obtained by using 
a wparate T E M  grid deposited with 100 nm polystyrene 

Fig : Schcmaiic of sampling apparatus. and of a micrograrity 
droplet name including the rootshell 

spheres. After the determination of a threshold (based 
on image enhancing technique [IS]) .  thc primar) pirticle 
j i x s  wrre measured using manual edge identification 
[19). The radius of gra t ion  was measured using an au- 
tomated h a z e  processing algorithm develop4 in [he 
author’s laboratory which is  described in the next sec- 
tion. 

3. R ~ l t s  and discussion 

The histogram distribution o f  the primary par!icle 
size measurements for all three experiments are dis- 
played in Figs. j (aHc).  Approximately 200 panicles 
were analyzed for each experiment. The average primary 
particle size increased from 25.9 nm in normal gravity to 
38.5 nm and 15.8 nm for the 0.2 and 0.5 s niicrogranty 
experiments (see Table I). The increase in the primary 
particle dimensions with residence time is  dramatic. For 
example. the rolume o f  an average primary particle i s  
nearly 70°/:) larger for the 0.5 s case compared to the 0.2 s 
case. The increase in the primary particle size between 
normal gravity and microgravity are in qualitative 
agreement with soot sampled in laminar jet diffusion 
flames in microgravity [7.9]. At a height above burner o f  
10 mm. Ku et al. [7] found that the primary particle 
diameter o f  ethylene increased from LO nm in normal 
gravity 10 38 nm in microgravity. The increase i n  pri- 
mar). particle size IS due to the increased residence time 
aRorded by microgravity environments. However. there 
arc important differences between the two geometries of 
the laminar gas-jet and the spherically-symmetric drop- 
let flames. For the laminar gas-jet flames. residence time 
is  dependent on the height above burner. Furthermore. 
measurements of Ku et al. [7] clearly demonstrate that 
there are operating conditions in microgravity which 
demonstrate the formation. growth and oxidation pro- 
cesxs.These observations are not likely to occur in 
droplet combustion configurations since soot resides 
within the sootshell. far removed from the regions where 
oxidizers are present in appreciable concentrations [201. 

.Avedisian [2l] performed soot primary particle 
measurements for toluene droplet flames in micro- 
grarity. In their experiments. soot was deposited on fil- 
ter paper (placed a[ various locations on the combustion 
chamber) due to the impact of the experiment with the 
ground. Subsequent TEM analysis was performed to 
measure the primary particle diameters (average dp  - 50 
nm). Since the technique neither provided temporal nor 
spatial information regarding the collected soot. the in- 
fluence of residence times on soot morphology could not 
k inferred. I n  that study, agglomerate properties such 
as the radius of gyration, fractal dimension. and the 
mass fractal dimension were not measured. 

The measurements o f  the radius o f  gyration in 
this study are used primarily to determine the fractal 
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dimension and t n  o h  insights rrpdrding the rclatke 
dikrences in a-gglomerare sires Tor the thrcc case.  In 
mass fractal analysis. the nunihcr of prinicir) particles. 
&. comprising a n  agglonicratr and soot dimenaioni arc 
relared b? the following equ;ition [??I- 

-- 

nherc I), 15 ihc rriictal diinenwm and I is the prekictsr 
rerni. The measurements of f)r and I.! can provide iiti- 

portant insights rcgarding thr. ag~1omcr;:re gro~4th 
mcchariiwis [3j Thest. parmieten c:in be ca lcu l~ ted  
based on the niearurenient 01- ,\. R , .  iinJ I!, In t h i s  
ciudg. the numhcr of priniar! particle\ p.?r agglomerate 
\vas calciilatcd h) me;isu:-ing the projscrcd ;trc.i of the 
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agglomerate. A,. and the projected area of the pi-imary 
panicle, 4, (based on iiiean dp  me:lsurementj) 

f 2 !  

Thc radiu, of gymlion bascd on the projected image 
of the agglonsrate was mearured using a cu.itoni-image 
prwcsing nl_rcrithm. The radius of gyration oi an ag- 
ylomcrate is &*lined by thc following rel:itionship- 

:?: 

u h m  r: is the centroid of the primar! particle .ind rc is 
the centroid of the agglonteratc. Since it i$ difticrilt to 
identi(! each indi*:idual particle that constitute an ag- 
$lomerate fdue to the sheer number of particles con- 
cerned which can range from a few to a few thousands), 
the R, calculation fonnulation was retised by consider- 
ing each pixel to be the individual slc'msn! of interest 
[I!]. The equation for the radius of gyration remains the 
same but Y now corresponds to the total numbcr of 
pixel ekments comprising the agglomerate (typically on 
the order of 20- ?O thousand pi.xels in our cxperimentsi. 

n e  average RI  for the normal-eravityerpr.l.iment was 
46.4 nni (hared on 92 agglomerates) whereas to: the 0.1 
and 0.5 s microgravity expximents. val1it.j of 80.0 nm 
(116 agglomerates) and I 15.6 nm i I 19 agglomerates) 
were measured. respectively. This increase is a manifes- 
tation of the cxrcnded residence time (due to influence of 
thcrmophoresis in 'trapping soot' within the sootshell) 
during which additional growth and aggloiiicmtion can 
occur. The difkrences among the experimcnrs are not 
on& apparent uhen comparing the mean valucs but also 
in the rangeer of agglomerate sizes nicasurd The ranges 
in RI for the cormal gravity. 0.2 and 0.5 s cases are 15- 
130. 28-204. 37-270 nm. respectively. Sinit [he transport 
of soot agglonisrates formed near thc hifh-teniFrature 
region towards the rootshell occurs throughout the 
burning lifetime. the agglomerates within the sootshell 
should display \rider disrribution of n w l y  formed and 
maiure soot of \ar)ing age as residence time increases. 

The measurements of X ,  R, for each agglomerate and 
the average value of dp for each condition were used to 
calculate D:. and k,. As shown in Figs. 6(a)-{cJ (for 
meajuremsnts abtained in normal gravity. 0.2 s mi- 
crogravit). and 0.5 s microgravtt- 
sion represents the slope of the I 
and the prdactor term is thc intercept at R ,  = dp, These 
results are also summarized in Table I .  Lnlike the 
ph!sical dimension mcasurrmentr. D, was nearly con- 
stant for all thrze cases. Dj for normal-prabity soot was 
1.59. whereas for the 0.1 and 0.5 s. case> they were 1.56 
and 1.61, respectively. The fractal dimensions lor the 
tnr .c  cases are consistent with prerio25 normal-gravity 
results obtained tor gaseous (acet>lene. propylene. sth- 
!lcnc. propane) turbulenr dimusion !Limes 1231. In that 
stud:. it \bas found that the a\er:ige 0. (measured using 
simiiar approach as described in the present study) was 
approximatel> 1.65 [Y]. The investigation of K u  et al. 
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[7] is the onl) other study for which fractal dirnc.::siuns 
were measured for soot produced in micrcigr;i\it~ dif- 
f u i i o n  l1:imes. Ku et 31. 171 measured the fractal dimen- 
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slon Tor ethylene and propane that ranged from 1.41 t o  
1.93. 

The prefactor term. in addition to the fractal di- 
mension. is essential for the accurate characterization of 
the soot morphology and the agglomeration proccss 
[24] The magnitude of the prefactor tenii represents the 
compactness. i.e.. the IeLel of packing of the so01 pri- 
m a n  particles that conipnss the ag_elonterate [3]. I n  
our esperinients. the average tr increased slightly from 
6.5 in normal gravit) to i . 0  and 7.6 far the 0.2 and 0.5 s 
micropvi ty  experimenis. respectively. The increase in 
the numhcr of priman partick?: coniprising ail a:- 
glomerate scales linearly with i C r .  Therr are no othcr 
measurements of t ,  (based on R,) for soot collecied in 

microgravity flames. The present values are. however. 
within the reported measurements of k, for normal- 
era\ ity experiments which range from approximately 4.0 
for soot collected in a laminar premixed flame [241 to 8.5 
for soot collected in the overfirs region of tui-bulent 
diRusion flames [ 13 ] .  Additional esperiments will be re- 
quired to fully investlaate this behavior. 

These experiments habe demonstrated that the mor- 
phological properties of soot produced in microgravity 
droplet flames are significantly ditTerent than thosc 
measured in normal-gia\it) experiments. Furthermore. 
the sphericall?.-symmrtric droplet configuration is un- 
ique in that the residencs time can be controlled over a 
range beyond what can he obtained for laminar gas-jet 
diffusion flames. Additional evperiments using Pxilities 
producing longer microgravity objenation i m e s  are 
required to investigate whether the obsemed trcndi 01' 
the soot physical and fractal dimensions c~intiniie wi th  
increasing residencc times. 
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